As fluid channel sizes are reduced, nonspecific binding to channel walls and particle clogging of microchannels present key obstacles thus far limiting the application of microfluidic lab-on-a-chip technologies. Here we show how combining applied electric or magnetic fields with the increasing surface tension effects inherent in channel miniaturization can guide particle flow and prevent adhesion to channel walls. We demonstrate effective two-dimensional particle focusing within arbitrary channel geometries that prevents adhesion, allowing accurate control of Poiseuille flow effects, and acts as either a robust particle accumulator or a separator.
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The advent of genomics and proteomics has led to explosive growth in chip-based biotechnology devices. Particular effort has been directed towards multifunctional microfluidic networks, often called micro total analysis systems ͑TAS͒, that are designed to integrate numerous tasks onto a single chip for automated processing on small quantities of biological material. [1] [2] [3] Realization of the full potential of microfluidic networks, however, relies heavily on the efficiency of particle transport and control within the fluid circulating in the microchannels. Being small, the surface area to volume ratio of these fluid channels is large and control of surface effects becomes ever more critical as such chips are further miniaturized. 4 In particular, a microfluidic network can lose much of its functionality if the biological species being transported either sticks to the channel walls or strays close enough to be caught up within slower fluid flow near the channel walls. 5 In either case the biological agent is effectively lost to the ongoing stream, yielding possible inaccurate counts, channel clogging, subsequent unpredictable changes in fluid speeds/pressures, 6 and pollution of further flows down the same channel. While certain chemical coatings 7 may reduce surface sticking, they are system specific and have little effect on slower fluid flow near the boundary. Layers of fluid in laminar flow may also reduce clogging but they suffer from diffusion, require increased channel sizes, and reduce optical access.
Here we present an electromagnetic guiding approach, exploiting the natural electrical charge of many biological agents ͑e.g., DNA͒ and the ease in magnetic labeling of many others. We show how static electric (E) or magnetic (B) fields can be applied to arbitrary microfluidic networks to attract transported particles towards the channel centers and to eliminate particle adhesion to channel walls, control particle spreading due to typical Poiseuille flows, prevent gravitational particle settling, and provide a means for rapid particle separation. Moreover, the electromagnetic scheme functions as a robust particle accumulator and is compatible with existing microfluidic chips and fabrication techniques.
An E-or B-field geometry with field maxima along the centers of all channels in the fluid network would provide a conceptually simple means of keeping particles away from the channel walls, but such free-space static electromagnetic maxima are forbidden by Maxwell's equations. While such restrictions may be overcome by time-varying fields, the effective trapping field 8 quickly loses strength as the oscillation speed or fluid viscosity increases, rendering it far weaker than an equivalent static field. Instead, we concentrate on the stronger static forces and demonstrate effective free-space maxima through a coupling of electromagnetic and capillary forces.
The net force on the particles is defined by an applied electromagnetic force in conjunction with surface tension constraints inherent to the microfluidic capillary network. The concept is shown schematically in Fig. 1 . An approximately uniform E-field or uniform B-field gradient generates a vertical force that draws the particles up to a liquid-liquid or liquid-gas interface within the channel. The particles are then constrained at the interface and attracted to positions of local electromagnetic field maxima. If the interface is flat and the electric or magnetic potential constant in the horizontal directions then the interface constrains only the particle's vertical height within the channel; it does nothing to prevent particles from diffusing to the side walls. However, if the interface has nonzero curvature, or if the field has nonzero curvature over the surface defined by the liquid interface ͑experimentally distinct, although topologically idena͒ Electronic mail: gary@atom.harvard.edu FIG. 1. Schematic cross section through two channels of a microfluidic chip made from two complementary molds, one hydrophilic, the other hydrophobic. Surface tension constrains particles to the fluid interface, transforming vertical electric/magnetic forces on electrically charged/magnetically labeled particles into inward ͑a͒ or outward ͑b͒ forces that match the channel geometry. For contact angles Ͼ90°͑a͒ particles are attracted to the channel's center, avoiding all nonspecific binding to, and slow fluid flow velocity near, the side walls. Switching to ͑b͒ allows rapid particle separation.
APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 8 25 FEBRUARY 2002 tical situations͒, then net forces parallel to the surface result and may be exploited to direct particle flow. In this letter we consider only the case of a vertical force generated by a field of approximately uniform magnitude in the horizontal directions together with a curved fluid interface. Such an interface is achieved by forming the fluid channels from complementary molds with the bottom ͑top͒ half hydrophilic ͑hydrophobic͒͑see Fig. 1͒ . The fluid interface is naturally pinned at the channel wall boundary between the hydrophobic and hydrophilic layers with an interface curvature defined by the Young-Laplace equation ⌬ Pϭ␥(1/R 1 ϩ1/R 2 ) where ⌬ P, ␥, and R 1,2 are the pressure difference across the fluid surface, the surface tension, and the surface radii of curvature, respectively. ⌬ P sets the liquid-wall contact angle and surface curvature and is readily controlled through the fluid flow velocity, gas pressure, or channel width. For typical fluids such as water (␥Ϸ72 dyn/cm), standard microfluidic channel widths of the order of 100 m down to the order of 10 m require pressure differences, ⌬ PϷ(2␥/channel width), of the order of only 1%-10% of atmospheric pressure, allowing easy curvature and liquidwall contact angle manipulation. For Ͼ90°the interface bulges upwards in the center, creating a local electromagnetic potential minimum where particles accumulate. Conversely, for Ͻ90°the interface is lower along the center and particles move towards the channel walls.
Since the fluid surface is everywhere defined by the boundary conditions of the channel walls, particles can always be repelled from side walls while traversing arbitrary channel networks provided only that Ͼ90°. Rapid particle separation from the ongoing stream is also possible simply by switching from Ͼ90°to Ͻ90°. Moreover, the uniform electric/magnetic force is easily generated on a convenient macroscopic scale, independent of the channel geometry, and away from the microfluidic chip to prevent any undesired heating that could otherwise limit the chip's biological/ chemical usefulness.
As an example we consider the case of an infinitely long channel or, equivalently, of a channel gently curved into an annular ring of large radius. We take R 1 as the radius of curvature in a plane normal to the direction of channel flow, approximate R 2 →ϱ, and solve the resulting differential equation ⌬gz(x)ϩconstϭ␥zЉ(x)/͓1ϩzЈ(x) 2 ͔ 3/2 for the fluid surface profile z(x) within the channel, with ⌬ the density difference between the two liquids ͑or the liquid and gas͒ in the channel, g the gravitational acceleration in the vertical z direction, and dashes denoting derivatives with respect to the horizontal coordinate x. To determine particle motion the applied field is also calculated. A truly uniform field is impossible due to the finite size of the object͑s͒ that generates it and deviation due to field fringing effects is inevitable. The schematic in Fig. 1 applies to arbitrary channel networks only if the curvature of the field introduced by finite-size effects is much less than the curvature of the fluid interface. In practice this presents little limitation; rather the scaling favors miniaturization with surface curvatures growing as channel widths shrink.
For definiteness we consider only magnetically labeled particles, but analogies between E-and B-fields 9 ensure simple translation also to the case of electrically charged particles. For an annular ring channel of 25 mm diameter ͑corresponding to typical microfluidic chip sizes͒, a 50 mm diam uniformly magnetized disk magnet ͑or current-carrying coil͒ gives negligible field curvature over the ring and the area enclosed by it. The field of such a magnet is numerically calculated over the interface defined by solution of the surface tension equation given above, and the results are displayed in Figs. 2͑a͒ and 2͑b͒ with the B-field magnitude shown as a density plot overlaid on the fluid interface surface. Darker shades indicate higher B-field magnitude and that region to which para-or ferromagnetically labeled particles are attracted.
To test the theory, we fabricated such a ring channel out of polydimethylsiloxane ͑PDMS͒, a transparent elastomeric material that is rapidly gaining popularity in microfabricated fluidic devices. 10 The experimental results obtained with superparamagnetic 4.5 m diam beads 11 show excellent agreement ͓Figs. 2͑c͒ and 2͑d͔͒. A recirculating flow was also set up in the ring channel with flow velocities ranging from 1 mm/s to several cm/s. With the beads restricted to the fluid interface excellent imaging is possible with minimal requirements on the optical depth of field. Recording images once per second, the same beads flow continually around the ring for 1000 s ͑orders of magnitude longer than typical microfluidic times͒ and the results are shown in the graph in Fig. 3͑a͒ . The bead counts show no measurable decay with no loss due to outward diffusion, 12 adhesion to side walls, or gravitational settling. The beads are confined about the channel's center within a width 13 determined by the amount by which exceeds 90°, allowing accurate control over longitudinal spreading due to Poiseuille flow. Higher values give tighter confinement, effectively focusing particles in two dimensions and creating a particle accumulator for concentrating/extracting small quantities of material from within large liquid volumes and for keeping the purified agent freely accessible within the fluid rather than bound to a separating surface. A concentrating storage ring is easily produced with input and output ports at the ring bottom, allowing continuous particle purification from indefinitely large liquid volumes that may be continually flushed through the system. Alternatively, the system can also operate as a filter or separator. In a second run was first held fixed and then slowly reduced from Ͼ90°to Ͻ90°, demonstrating particle separation from the ongoing stream ͓Fig. 3͑b͔͒. This separation can be extremely rapid, limited only by fluid drag during passage from the channel center to the wall.
The ratio of surface tension to gravitational weight sets the capillary length scale, ͱ␥/⌬g, that for water-air interfaces is around 3 mm. As channel widths shrink below this length, surface tension dominates over gravity, making desired curvatures achievable on all microfluidic size scales.
The above ring has a 4 mm channel width, which operates near the upper size limit, but we also observe similar behavior over all widths down to 100 m corresponding to the smallest channel that we fabricated. Figure 4 shows typical flow in a 300 m wide channel, an order of magnitude narrower than the ring channel.
In conclusion, combining applied E or B fields with surface tension effects intrinsic to capillary hydrophilichydrophobic channels adds increased functionality and performance to existing microfluidic chips. Controlled, lossless, adhesion-free flow, accumulation, and rapid separation of electrically charged or magnetically labeled particles are achieved with little modification to current microfluidic chip fabrication techniques. The surface topology required automatically conforms to any channel geometry and E or B fields can be conveniently macroscopically generated independent of a specific channel geometry, suggesting easy incorporation into many newly emerging microfluidics lab-ona-chip platforms.
